In vitro ''glycorandomization'' is a chemoenzymatic approach for generating diverse libraries of glycosylated biomolecules based on natural product scaffolds. This technology makes use of engineered variants of specific enzymes affecting metabolite glycosylation, particularly nucleotidylyltransferases and glycosyltransferases. To expand the repertoire of UDP͞dTDP sugars readily available for glycorandomization, we now report a structure-based engineering approach to increase the diversity of ␣-D-hexopyranosyl phosphates accepted by Salmonella enterica LT2 ␣-D-glucopyranosyl phosphate thymidylyltransferase (E p). This article highlights the design rationale, determined substrate specificity, and structural elucidation of three ''designed'' mutations, illustrating both the success and unexpected outcomes from this type of approach. In addition, a single amino acid substitution in the substrate-binding pocket (L89T) was found to significantly increase the set of ␣-D-hexopyranosyl phosphates accepted by Ep to include ␣-D-allo-, ␣-D-altro-, and ␣-D-talopyranosyl phosphate. In aggregate, our results provide valuable blueprints for altering nucleotidylyltransferase specificity by design, which is the first step toward in vitro glycorandomization.
glycosyltransferase ͉ glycorandomization ͉ rational design ͉ enzyme ͉ x-ray crystallography A n extensive body of in vivo genetic evidence indicates that the glycosyltransferases involved in secondary metabolism are very promiscuous with respect to their nucleotide diphosphosugar donor (ref. 1 and references therein). Yet, in vitro experiments in this area are limited to only a few examples (2-4), due in part to the lack of the unusual nucleotide diphosphosugar substrates. Thus, the reliance of these unique glycosyltransferases on pyrimidine (uridine͞thymidine) diphosphosugars has revitalized interest in methods to expand the repertoire of UDP͞dTDP sugars (1, (5) (6) (7) (8) . Toward this goal, we recently reported that Salmonella enterica LT2 ␣-D-glucopyranosyl phosphate thymidylyltransferase (E p ), which catalyzes the conversion of ␣-D-glucopyranosyl phosphate, 1, and dTTP, 2, to dTDP-␣-D-glucose, 3, and pyrophosphate ( Fig. 1a; ref. 9 ), can accept a rather wide array of sugar phosphates as substrates in the generation of the corresponding dTDP-and UDP-nucleotide sugars (5, 6) . In these studies, a variety of analogs were tested including the entire series of ␣-D-hexopyranosyl phosphates (5), deoxy-␣-D-hexopyranosyl phosphates (5), aminodeoxy-␣-Dhexopyranosyl phosphates, and acetamidodeoxy-␣-D-hexopyranosyl phosphates (6) .
In an effort to gain a molecular-level understanding of substrate recognition by this unique enzyme, we recently determined the crystal structures of the Salmonella E p in complex with product, 3, and substrate, 1, at 1.9-and 2.0-Å resolution, respectively (10) . The structural elucidation of a related thymidylyltransferase from Pseudomonas also was reported recently (11) . These structures reveal a core nucleotide-binding domain, not limited only to sugar nucleotidylyltransferases, responsible for the precise positioning of the nucleophile and activation of the electrophile in enzyme-catalyzed reactions. In conjunction with the kinetic characterization of E p , this work helped clarify previous mechanistic inconsistencies and suggested that nucleotidylyltransferases in general share a common single displacement mechanism. More importantly, these studies set the stage for engineering a more promiscuous E p by revealing the precise active site-substrate molecular contacts and allowed a preliminary demonstration of the possibility to alter E p specificity based on structural insight (10) .
While E p demonstrates surprising sugar phosphate promiscuity, the enzyme does have certain limitations as a general tool for pyrimidine nucleotide sugar synthesis. For example, of the eight possible ␣-D-hexopyranosyl phosphates (Fig. 1b) , wild-type E p was able to accept only three (␣-D-gluco-, 2, ␣-D-galacto-, 6, and ␣-D-mannopyranosyl phosphate, 9) to any appreciable extent (6) . Herein we report a structure-based engineering approach to increase the diversity of ␣-D-hexopyranosyl phosphates accepted by E p . Notably, a single mutant (L89T), engineered to decrease the steric constraints at position C-2 of the substrates, was able to significantly increase the set of ␣-D-hexopyranosyl phosphates accepted by E p to include ␣-D-allo-, 4, ␣-D-altro-, 5, and ␣-Dtalopyranosyl phosphate, 10. Another variant (Y177F), also targeted at increasing substrate promiscuity at positions C-2 and C-3, was able to turn over ␣-D-allopyranosyl phosphate, 4. Furthermore, a direct comparison of the active-site structures of these mutants with a previously described mutant (W224H), which displayed high C-6 substrate promiscuity, provides an additional blueprint from which to alter nucleotidylyltransferase specificity by design, which is the first step in an in vitro ''glycorandomization'' approach for generating diverse libraries of ''unnatural'' metabolites (10) . Given the similarities among members of the nucleotidylyltransferase family, this work also should have general application to purine nucleotide sugar synthesis (12) .
Materials and Methods
Materials. The syntheses of ␣-D-allopyranosyl phosphate, 4, ␣-Daltropyranosyl phosphate, 5, ␣-D-gulopyranosyl phosphate, 7, ␣-D-idopyranosyl phosphate, 8, and ␣-D-talopyranosyl phosphate, 10, were reported previously (6), while ␣-D-galactopyranosyl phosphate, 6, ␣-D-glucopyranosyl phosphate, 2, and ␣-Dmannopyranosyl phosphate, 9, were purchased from Sigma. All other chemicals used were reagent-grade and used as supplied except where noted. Routine mass spectra were recorded on a PE SCIEX API 100 liquid chromatography͞MS mass spectrometer, and high-resolution MS was accomplished by the University of California, Riverside Mass Spectrometry Facility (Riverside, CA). HPLC was performed on a RAININ Dynamax SD-200 controlled with Dynamax HPLC software. Protein Expression and Crystallization. E p variants were constructed and expressed in Escherichia coli as described (10) , and purification followed the protocol for wild-type E p (5, 6) . Purified enzymes were subsequently concentrated to 15-20 mg⅐ml Ϫ1 (10 mM KCl͞5 mM Hepes, pH 7.4) for crystallization to which ligand (dTTP or UDP-Glc) was added to a 2 mM final concentration (from a 100 mM ligand͞H 2 O stock solution). Equal volumes of protein and well solution were mixed and allowed to equilibrate in a hanging drop by vapor diffusion at room temperature (20°C). Crystals of the Y177F-UDP-Glc complex were obtained against a reservoir of 1.8-1.9 M ammonium sulfate and 5-7.5% (vol͞vol) isopropanol. Crystals of the L89T-TTP complex were obtained by using a reservoir solution of 2.0 M ammonium phosphate͞10 mM MgCl 2 ͞0.1 M Tris buffer, pH 8.5. Finally, the W224H-UDP-Glc complex was crystallized against a reservoir of 0.8 M sodium phosphate͞0.8 M potassium phosphate͞0.1 M Hepes, pH 7.5.
Data Collection and Structure Determination. All data were collected in-house by using a Rigaku RAXIS-IV imaging plate area detector or at the National Synchrotron Light Source Brookhaven beamlines X9A or X25. Oscillation images were integrated, scaled, and merged by using DENZO and SCALEPACK (13) . All structures were determined with the program AMORE (CCP4; ref. 14) by using the molecular replacement method and either the wild-type E p -dTTP or E p -UDP-Glc monomer structure as a search model. Each structure was subsequently refined by using a combination of simulated annealing, energy minimization, and B-factor refinement by using the program X-PLOR (15) . Stereochemical analysis of the refined models with the program PROCHECK (CCP4) revealed parameter values better than or within the typical range observed for protein structures determined at corresponding resolutions. , A 275 nm). Under these conditions, the typical retention times for TTP, UTP, TDP-hexose, and UDPhexose were 19.8, 18.9, 13.6, and 12.5 min, respectively. HPLC product fractions from the assay were collected, lyophilized, and submitted directly for high-resolution MS (quadrupole time of flight) analysis. The calculated exact mass, in protonated form, is 564.0758 for the anticipated TDP-hexose products and 566.0550 for the anticipated UDP-hexose products, and the experimentally determined values are reported in Table 1 . The percent conversion (Table 1) was calculated by using Eq. 1, where A P represents the integration of the nucleotide diphosphosugar product peak, and A T represents the NTP peak integration.
Results and Discussion Structure-Based Design of Expanded Specificity Ep Mutants. To extend our efforts to rationally engineer E p substrate promiscuity, we selected a set of sugar phosphates (the ␣-D-hexose series; Fig.  1b ) containing a number of representatives poorly used by the enzyme. Previous studies revealed wild-type E p to use only three (␣-D-gluco-, 2, ␣-D-galacto-, 6, and ␣-D-mannopyranosyl phosphate, 9) of the eight possible ␣-D-hexopyranosyl phosphates (Fig. 1b) to any appreciable extent with both TTP and UTP (6) . A fourth member of this series, ␣-D-allopyranosyl phosphate, 4, was also shown to convert only in the presence of TTP, and based on these studies it was suggested that E p prefers pyranosyl phosphates predicted to exist predominately as 4 C 1 conformers. The crystal structures of E p (10, 11) revealed the molecular details of substrate recognition and substrate specificity of the enzyme, and Fig. 2 provides a schematic representation of the contacts between enzyme and substrate in the active-site pocket of E p . The sugar moiety sits on a hydrophobic bed composed of Leu-89, Leu-109, and Ile-200 and is positioned by its interaction with several side chains through hydrogen bonding with the sugar hydroxyl groups. Using this model as a guide, we began to systematically mutate residues within the sugar-binding pocket that appeared to hinder the binding of some of the sugars listed in Table 1 . Modeling of several sugar phosphates in the active site revealed that both steric and electrostatic constraints precluded their binding. In addition to constraints imposed by side-chain atoms, main-chain atoms also prevented access to some sugars, creating additional challenges to substrate-engineering efforts.
Modeling of the C-2 epimers of glucose (altrose, idose, and talose) indicated that the main infringement came from steric constraints imposed by Leu-89. Indeed, the C-2 oxygen in glucose lies within 4.29 Å of the ␥ carbon in Leu-89, while the C-2 oxygen in a glucose 2Ј epimer (e.g., altrose) would reside 2.88 Å from Leu-89, well within van der Waals contact (Fig. 3 ). This analysis suggested that a Leu-89 to Thr substitution would relieve steric constraints while simultaneously supplying a potential hydrogen-bonding partner. In a similar fashion, modeling of the C-3 epimers (allose, altrose, gulose, and idose) revealed that main-chain atoms (particularly the Gly-147 amide nitrogen) were preventing access. Furthermore, the side chain of Tyr-177, which lies beneath the glucopyranose ring, appears to prevent sugar phosphates from sitting lower in the active-site pocket. Given the difficulty of peptide backbone alterations within this region, we chose Tyr-177 as the second target for mutagenesis. Conversion of Tyr-177 to Phe, thereby removing the p-OH from the benzene ring of the Tyr, was expected to provide the additional space needed by the axial C-3 and C-2 hydroxyl groups in this epimeric series.
Mutant Ep Enzymatic Activities and Their Corresponding Structural
Basis. As a rapid assay for the newly constructed mutants, the proteins were combined, and the mixture was tested directly for the ability to convert compounds 4, 5, 7, 8, and 10. Table 1 reveals that the mutant pool was able to turn over all but one of the sugar phosphates examined (7) in the presence of dTTP including three (5, 8, and 10) of the four ␣-D-hexopyranosyl phosphates not accepted by wild-type E p . A deconvolution of the mutant pool by individual analysis surprisingly revealed the bulk of this new activity to derive from a single variant (L89T). Remarkably, the designed L89T mutant leads to the production of six new nucleotide sugars (deriving from the reactions of UTP͞4, dTTP͞5, UTP͞5, dTTP͞8, dTTP͞10, and UTP͞10) as well as nearly a 4-fold improvement in the previously reported dTDPallose production (6). This result is especially encouraging due (19) . The glucose moiety of the product, UDPglucose, and the residues that interact with it in the E p active site are shown in ball-and-stick format. Hydrogen bonds are illustrated as dashed lines, and hydrophobic interactions are indicated by half circles. to the enhanced promiscuity of L89T without affecting its wild-type traits (e.g., 2). Furthermore, the conversion of 8 (demonstrated to adopt predominately the 4 C 1 conformer) suggests L89T may accept substrates that adopt alternative chair conformations, adding to the potential utility of this enzymatic process. Yet the lack of conversion of 7, particularly in the context of observed turnover with all other possible ␣-Dhexopyranosyl phosphates, remains difficult to explain. Finally, Y177F, while modestly enhancing the dTTP͞4 reaction, displayed no additional biocatalytic benefits.
In an attempt to understand the structural basis for the activity of our various enzyme variants, each was cocrystallized with either the substrate, dTTP, or the product, UDP-Glc, bound in the active site. We report here the crystal structures of the two mutants discussed above, L89T and Y177F, as well as the structure of a mutant (W224H) we identified previously (10) . While Y177F and W224H crystallized in the presence of UDPGlc, L89T did not and was crystallized instead in the presence of dTTP. Table 2 reports the crystallographic statistics of the data collection and model refinement. As expected, the three structures overall are very similar to the structures of the wild-type enzyme-product and enzyme-substrate complexes. The L89T-dTTP complex superimposes on the wild-type E p -dTTP complex with an rms deviation of 0.26 Å for the C ␣ positions of all 289 residues. Similarly, Y177F-UDP-Glc and W224H-UDP-Glc superimpose on the wild-type E p -UDP-Glc complex with rms deviations of 0.42 and 0.46 Å, respectively.
Modeling of altrose in the active-site pocket of L89T, Fig. 3c , reveals that the ␥ oxygen in Thr-89 would now be Ϸ3.9 Å away from the C-2 hydroxyl. As predicted, this gain in over 1 Å at C-2 clearly is consistent with the ability of L89T to accept 5, 8, and 10. Furthermore, our structure of L89T suggests that in addition to relieving C-2 steric constraints, this mutation also might alleviate infringements at C-3 and C-4 via a potential adjustment or ''slipping'' of the sugar base in the enlarged active-site pocket. Such slipping also could explain the ability to accept alternative chair conformations, and the enhanced turnover of 4 and the turnover of 8 are consistent with this postulation. Cumulatively, the success of this designed mutation was exceptionally high in that three of the four substrates, for which this mutation was designed, became successful substrates. In this particular example, the design, anticipated result, and experimental determinations are consistent and highlight the potential of rational enzyme engineering.
In contrast, Y177F, designed specifically to relieve constraints imposed on the C-3 epimers, was relatively less successful in that a 2-fold enhancement of 4 conversion was the only observable Rsym ϭ ⌺͉I Ϫ ͗I͉͘͞⌺I, where I ϭ observed intensity and ͗I͘ ϭ average intensity obtained from multiple observations of symmetry related reflections. rms bond lengths and rms bond angles are the respective rootmean-square deviations from ideal values. R crys and Rfree are the respective R factor and free R factor of the crystal (using 10% of the data as the test set).
biocatalytic benefit. The Y177F mutant structure (Fig. 4) reveals that, as designed, there is adequate room for movement of the sugar base lower into the binding pocket. Indeed, in the Y177F structure, the UDP-Glc has moved slightly down in the pocket in comparison to the wild-type enzyme. However, (i) this small movement is not sufficient for effective binding of the other C-3 epimers, (ii) this slip may lead to a misalignment of substrates and the essential enzyme catalytic residues, and͞or (iii) the hydrogen-bond contacts of the sugar perimeter lack flexibility and thus lock the sugar into a predefined wild-type position. In the L89T mutation, this ''lock'' might be broken by the energy of formation of a potential new hydrogen bond, which the introduction of threonine allows. In this second example, the structure-based design and anticipated structural consequences are consistent. Yet, the determined catalytic consequences of this rational design were not what we anticipated, and thus this example highlights one unexpected aspect of ''rational-design'' methodology.
The reported W224H mutant also was included in this analysis, because this mutant was found to display unusually high C-6 substrate promiscuity (10) . The original design of this mutation also was based on the wild-type structure that illustrated the W224 indole side chain to reside within 3.6 Å of the substrate C-6-OH. In constructing W224H, we intended to minimize the C-6 steric infringement of the side chain (indole to imidazole) while simultaneously providing a partial positive charge to relieve electrostatic constraints generated by sugars such as glucuronic acid. As expected, this designed mutant manifested the ability to accept a wide array of new substitutions at C-6, and therefore a detailed structural analysis would be informative to future structure-based design.
Interestingly, the structural elucidation of this mutant reveals that an astonishing active-site side-chain rearrangement creates a large gap surrounding C-6, clearly consistent with its impressive substrate promiscuity (Fig. 5) . The inserted histidine now hydrogen-bonds to the main-chain carbonyl of Met-218 and is rotated about the axis 180°from the original position of W224.
In addition to rotating, the C ␣ of H224 has moved 2.43 Å from the position occupied by the C ␣ of W224 in the wild-type enzyme, inducing a large local main-chain distortion in this area of the substrate-binding pocket. Moreover, Y138 has also rotated 90°about the axis to allow for the movement of the mutated histidine. As an illuminating example of the unexpected in rational design, this case is one in which the design expectations and catalytic outcome are consistent, but the structural basis is significantly distinct from the predicted structural consequences of the given mutation.
Applications of Nucleotide Sugar Libraries. E p demonstrates a unique ability to activate a wide range of ''natural'' and ''unnatural'' sugar substrates (5, 6 ). Furthermore, as described, the structure-based engineering of this nucleotidylyltransferase has been extensively productive in generating modified enzymes capable of using an even larger set of unnatural sugars previously not accepted by wild-type E p (10) . In the context of the significant promiscuity displayed by glycosyltransferases of secondary metabolism and the availability of appropriate aglycons, the E p -catalyzed production of nucleotide diphosphosugar-donor libraries is a particularly promising approach toward the generation a diverse library of glycorandomized structures based on a particular natural product scaffold. Furthermore, given that glycosylation often defines pharmacological [for example, 4-epidoxorubicin versus doxorubicin (16)] and͞or biological [for example, erythromycin versus megalomicin (17) or differentially glycosylated vancomycins (18) ] properties, this approach has significant potential for drug discovery. An expansion of this approach into the purine-using nucleotidylyltransferases͞glyco-syltransferase holds exciting promise as well. 
